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ABSTRACT OF THE THESIS 
AC/DC SMART CONTROL AND POWER SHARING OF DC 
DISTRIBUTION SYSTEMS  
by 
Mohamed Anwar Elshaer 
Florida International University, 2012 
Miami, Florida 
Professor Osama Mohammed, Major Professor 
The purpose of this research is to develop a grid connected DC distribution 
system to ensure efficient integration of different alternate sources to the power system. 
An investigation of different AC and DC converter topologies and their control is 
conducted. A new converter topology for sharing DC power was developed to enhance 
the efficiency and stability of the alternate sources connected to the DC Distribution 
System. Mathematical model and control system design of the developed converters were 
included in the thesis.  
A novel smart-PID controller for optimal control of DC-DC converter was used as 
voltage controller in PV systems. This controller maximizes the stable operating range by 
using genetic algorithm (GA) to tune the PID parameters ultimately at various loading 
conditions. A fuzzy logic approach was then used to add a factor of intelligence to the 
controller such that it can move among different values of proportional gain, derivative 
gain, and integral gain based on the system conditions. This controller allows optimal 
control of boost converter at any loading condition with no need to retune the parameters 
or possibility of failure. Moreover, a novel technique to move between the PI and PID 
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configurations of the controller such that the minimum overshoot and ripple are achieved. 
This increases the controller applicability for utilization of PV systems in supplying 
sensitive loads. 
An effective algorithm for optimizing distribution system operation in a smart 
grid, from cost and system stability points of view, was developed. This algorithm mainly 
aims to control the power available from different sources so they satisfy the load 
demand with the least possible cost while giving the highest priority to renewable energy 
sources. Moreover, a smart battery charger was designed to control the batteries and 
allow them to discharge only when there is a small load predicted. During the period they 
become available, they act as a buffer for the predicted large load to increase the stability 
of the system and reduce voltage dips.  
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CHAPTER 1 
INTRODUCTION 
Sustainable energy sources play a significant role in satisfying current as well as 
future energy demand. Renewable energy sources installed in homes supply their loads 
while having the capability of autonomously injecting their excess energy to the main 
grid. This leads to a reduction in the power flowing in connecting lines. Such a system 
will increase the grid security and decrease its power losses. However, renewable energy 
has some disadvantages due to its dependency on nature's conditions. For example, the 
amount of power that PV and wind provides at a specific time cannot be predicted. It is 
crucial to inject the maximum power generated by each renewable energy source at any 
instant of time to either the local loads or back to the main AC grid [32-34]. It is expected 
that distributed generation (DG) will play vital role in electric power systems. It allows 
residents and businesses the potential to generate electrical energy to sell surplus power 
to the grid. The variation of grid voltage due to power flow causes the power quality to 
decay. Consumers may suffer from the quality of power that is generated and transmitted 
via the AC grid. This reduction in power quality occurs due to poor switching operation 
in the network, voltage dips, interruptions in the grid, transients and network disturbances 
caused by loads. The use of on-site power generation equipment will provide consumers 
affordable power at high quality. The power control complexity for a micro-grid is 
substantially increased in the non-radial system configuration due to the presence of DG 
units and the “plug and play” feature is the key to insure that the installation of additional 
DG units will not change the control strategies of DG units already in the micro-grid [35-
36].      
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On the other hand, DC distribution system was suggested recently as a better 
method for electrical power delivery. This concept is inspired by the possibility of 
efficient integration of small distributed generation units which attract the attention of 
researchers all over the world. Moreover, there are other advantages to having electrical 
power transmitted through DC distribution systems such as a relatively higher efficiency, 
absence of reactive power component and the fact that many appliances operate using a 
DC voltage. The feasibility of using DC distribution systems instead of AC systems is 
being investigated by many researchers. Research has resulted in a number of 
publications in which certain aspects of the subject are developed [8-17]. Authors 
concluded that if DC distribution is used, the total system losses will decrease since the 
semiconductor losses due to switching in converter are reduced. The use of DC power 
systems to supply sensitive electronic loads will be studied in this thesis. 
 
1.1 Project Motivation  
This work investigates the importance of having DC micro-grids or DC 
distribution systems connected to the AC grid and the connectivity of DC systems to AC 
ones. Such connectivity should allow voltage regulation on the DC side. Furthermore, it 
should allow bi-directional power flow between AC and DC sides. Different studies were 
conducted to solve certain problems. For example, a fully controlled rectifier was used to 
tie the DC network to the AC grid while working at unity power factor and within 
acceptable limits of time harmonic distortion (THD) for the current drawn from the grid. 
This rectifier has a unidirectional power flow capability from the AC to DC grid and 
responsible for voltage regulation on the DC side. Hence, at least one of these rectifiers 
 
 
3 
 
have to be connected to the DC system to maintain its voltage at a certain level otherwise, 
the system is working in island mode, therefore one of the DC-DC converters interfacing 
sustainable energy sources to the DC system has to take this responsibility. In order to 
increase the operating range of the rectifier, an adaptive controller that has the ability to 
dynamically change its parameters corresponding to the condition of the system is 
implemented. Then, a fully controlled bi-directional AC-DC/DC-AC converter was 
designed and implemented. This converter has the ability of controlling the amount of 
power flowing between the AC and DC grid in both directions. The amount of power 
flowing in either direction can be set to an established pre-set value while the controlled 
rectifier working as a voltage rectifier maintains the power balance as it is free to supply 
the power needed in the DC grid. 
 
1.2 Problem Formulation and contributions of the Thesis 
The Research problem is based on the design and control of converters and 
inverters connected in the system: 
1. Evaluation of the performance of the DC-DC boost converter as an interface 
between alternate sources and DC bus. 
2. Different techniques to control the power sharing among different sources and 
loads in the DC system was developed. In order to achieve that goal, a modified 
DC-DC converter topology was utilized. These techniques helped reduce the 
stress on the alternate source being utilized. 
3. A smart controller that allows quite a stable wide range of loading is designed and 
implemented to replace conventional PI and other controllers. Simulation results 
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followed by experimental results were taken to validate the concept for steady 
state and transient cases. 
4. A Vector decoupling control sinusoidal pulse width modulation (SPWM) rectifier 
was designed to connect the DC system to the AC grid.  
5. A Bi-Directional AC-DC/DC-AC converter was designed. Vector decoupling 
controlled (SPWM) technique was used to allow the designed converter to control 
the power transferred between the AC and DC sides in either direction. It also 
controls the active and reactive power drawn from the grid independently. 
6. The controller ensured that the Bi-Directional AC-DC/DC-AC converter controls 
the active power transfer while operating at unity power factor. 
7. Developed mathematical modeling and control system design of the converters 
were presented.  
8. Simulation and experimental results of different topologies were included to 
validate the developed topologies and conduct a comparative study among 
different solutions to the problem of integrating variable DC power into the AC 
and DC grids. 
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CHAPTER 2 
HIGH-QUALITY INTEGRATION OF SUSTAIBALE ENERGY TO DC BUSES 
 
2.1 Introduction 
Integration of sustainable energy sources into electrical power systems is very 
important to make full use of these sources. Generally, sustainable energy sources are 
capable of operating in island mode. However, in most of the cases they are grid-
connected and their output power is integrated to the main system. Most of these 
sustainable energy sources yield a variable DC voltage. Moreover, current shipboard and 
futuristic residential distribution systems have DC buses within them. In this paper, the 
integration of the output of sustainable energy sources into the DC bus of an electric 
power system is investigated. 
Recently, the idea of applying DC distribution in shipboard power systems has 
acquired the attention of the U.S Navy as an alternative to conventional AC systems due 
to the vast increase of the load demand and the need to a high reliability high quality 
power supply to feed such loads [17]. The Navy investigates a form of DC distribution 
systems, which is called zonal DC electric distribution system [18-19]. In DC ZEDS, the 
system is divided into zones of DC and AC loads served through DC-DC and DC-AC 
converters as shown in  
Figure 2.1.1 This system is beneficial from a protection point of view as the DC-
DC converters connecting different zones to the DC bus and the AC-DC rectifiers 
connecting the generators isolate both the loads and the generators from the rest of the 
system.   
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Figure 2.1.1: The DC ZEDS under study, (Type 1 converter) is the one under 
study in this paper whereas; (Type 2 converter) can be a conventional controlled DC-DC 
boost converter 
 
On the other hand, great strides was taken toward the utilization of fuel cells on 
shipboard power systems, as fuel cells after exhaustive research, seem to be the most 
convenient sustainable energy sources onboard of a ship. There are different types of fuel 
cells like proton exchange membrane (PEMFC), Alkaline (AFC), Phosphoric Acid 
(PAFC), Molten Carbonate (MCFC), Solid Oxide (SOFC). Among these types of fuel 
cells, SOFC is gaining more interest as it has a relatively higher efficiency due to its 
thermal operating range. For instance, the Office of Naval Research (ONR) has started 
running a research project called ‘Solid Oxide Fuel Cell Tactical Electric Power (TEP)’. 
This project aims at studying the challenges and opportunities associated with the 
development of a 10-15 kw SOFC TEP inspired by the fact that fuel cell systems offer 
high efficiency with extremely low pollution. In a typical DC zonal electric distribution 
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system as shown in figure 2.1.1., the DC bus is the most suitable place to connect the 
output of fuel cells [19]. The DC bus voltage is regulated via a controlled rectifier which 
is connected to the AC side of the system [20]. The rectifier requires an output filter in 
order to maintain the bus voltage ripple within acceptable limits. Hence, we can model 
the two terminals of the DC bus as the terminals of a voltage source [20-22].  
However, fuel cells yield variable DC voltage. In stand-alone systems, in order to 
be able to make full use of the generated power and to feed the loads, a controlled DC-
DC converter, which is designated as (Type 1 converter) in figure 2.1.1 is used as an 
interface between the fuel cells and the DC bus.  The DC-DC converter controls the buck 
or boost converter, which receives variable input voltage from the fuel cells and outputs a 
constant voltage where DC loads, batteries, and machine drives can be connected. These 
converters have to be controlled in a closed-loop control system because the duty cycle 
has to change dynamically change to expected simultaneous variations of input voltage 
and/or output current. To control the output voltage under input voltage and output 
current variations, a voltage feedback signal is needed. Moreover, if current control or 
maximum power point tracking (MPPT) is applied, a current feedback signal has to be 
also considered.   
In the grid connected fuel cell systems such as the DC ZEDS which is under study 
in this paper, DC-DC converters are used as interfaces to fuel cells and are not assigned 
the task of regulating the output voltage as they are supplying loads which are connected 
to a DC bus whose voltage has already been regulated. Instead, designers have to find the 
best way to inject the generated current as continuously and efficiently as possible to the 
DC bus. 
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Type 2 converters as shown in figure 2.1.1 are easier to handle because they 
receive a constant input voltage to their input terminals.  Type 2 converters also yield a 
constant output voltage. They work as an interface between the DC bus and the inverters 
in each zone.  
DC-DC boost converters are mostly used as an interface between fuel cells and 
loads connected to them. However, if used in DC ZEDS, this creates a discontinuous 
output current. Performance of such converters will be investigated. Moreover, two new 
topologies are developed to enhance the performance of the simple DC-DC boost 
converter.  
 
2.2 Conventional Boost Converter 
 
Figure 2.2.1: Controlled boost converter for fuel cells integration into a DC 
ZEDS 
 
DC-DC boost converter is one of the most popular techniques to regulate the 
output voltage of the fuel cells and inject their power into the grid. A controlled DC-DC 
boost converter has the capability of regulating its output voltage even under input 
voltage or output current variations within a range. This operating range depends on the 
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Whereas, the small signal state space set of equations will be, 
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           Where,  
111 LˆLL iIi += , 222 LˆLL iIi += , ccc vVv ˆ+= , ininin vVv ˆ+= , eEe ˆ+=  and dDd ˆ+= . 
Using the above set of equations (2-6) after transforming them into Laplace 
domain, we obtain the small signal output current to duty cycle transfer function that will 
be used for controller design as given by (2-7) 
[ ]
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)(
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==
•
L
DrE
Sd
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     (2-7) 
This converter topology is also applicable for integrating different sustainable 
energy sources into a common DC bus, which is one of the most important reasons why 
researchers have started thinking about replacing the AC distribution system with a DC 
one. 
A block diagram of the controller designed for the developed topology is shown 
in figure 2.3.3 Moreover, bode plots of the open loop and closed loop response for it is 
given in figure 2.3.4. 
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Figure 2.3.3: Block diagram of the controller 
 
 
 
Figure 2.3.4: Bode plot for the open and closed loop responses for the developed 
topology 
 
2.4 Simulation and Experimental Results 
A prototype system was designed and implemented in hardware in order to 
examine the performance of the developed solutions. A scaled down DC voltage of 200V 
is assumed for the DC bus. For control purposes, the digital signal processing board D 
Space 1104 is used. The switching frequency for all the converters is 5 kHz. Parameters 
designed for each of the three converters under study in this paper are given in Table 
2.4.1. 
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Figure 2.4.1: The application of the developed topology for power sharing among 
different sustainable energy sources connected to a common DC bus. 
 
Table 2.4.1: Parameters of different prototype systems used for simulation and 
experimental results. 
 
 
2.4.1 Conventional Boost Converter 
Results for the conventional boost converter are shown in figure 2.4.1.1. The 
average value of the output current tracks its reference. However, the instantaneous value 
of the current is pulsating, which means poor power quality injected to the grid and more 
stress on the source and the power electronic switch.   
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Figure 2.4.1.1: Controlled conventional boost converter for fuel cells integration 
into a DC ZEDS: (a) simulation results, (b) experimental results. 
 
2.4.2 Developed Topology 
Results for the developed topology, discussed in section 2.3, are shown in figure 
2.4.2.1. The output current is continuous and the ripple is as small as 2% which means 
high power quality injected to the grid.   
                     
 
  
Figure 2.4.2.1: Results for the developed topology discussed in section 2.4: (a) 
simulation results, (b) experimental results. 
 
Furthermore, another study was conducted to validate the applicability of this 
topology to integrate multiple sources into a common DC bus. Hence, the system 
described in figure 2.4.1 consisting of three DC-DC converters integrating three 
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sustainable energy sources into a common DC bus was examined. One of the three DC-
DC converters is a DC-DC boost converter (Type 2) which is used to regulate the voltage 
on the DC bus and is free to supply the power required in the network. Hence, it 
maintains the power balance in the network.  However, the other two converters are of 
the topology (Type 1). They have the ability to control the power injected to the DC 
network. Results of such system are shown in figure 2.4.2.2 and figure 2.4.2.3 shows the 
response of output power from each source and the bus voltage. In this case, the input 
voltages to the DC/DC converters connected to bus 1, bus 2 and bus 3 are 100V, 100V 
and 120V, respectively. A load of 800W is applied to the DC Grid.  
 
      
Figure 2.4.2.2: Power sharing response to a step change in the power reference, 
(a) Simulation results, (b) Experimental results. 
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 The DC-DC boost converter is responsible for regulating and boosting the 
voltage to 200V. The output of the three converters is connected directly to the bus. A 
transient of less than 0.3 seconds occurs immediately when changing the power reference 
of any of the buses available in the network. A change from 200W to 100W is applied to 
bus 1 and is applied after 5.4 seconds. The controller was able to track the reference in a 
reasonable time (1 second transient). The bus voltage maintains a maximum of 4V ripple 
during transient operation and 1.5V ripple at steady state operation. Bus 3 is free to 
generate the rest of the load power. 
     
Figure 2.4.2.3: Power sharing response to a step change in the load, (a) 
Simulation results, (b) Experimental results. 
 
In figure 2.4.2.3, a load step change is applied to the DC grid. The load connected 
is doubled from 107.143W to 214.3W. The bus voltage was not affected. As can be seen, 
the controller for each DC-DC converter is able to recover load step changes in a very 
fast time. There are some distortions during the transient time in the injected power out of 
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sources 1 and 2 due to the load increase. However, each bus maintains its referenced 
power after recovering from the transient interval. Since the converter connected to 
source 1 is commanded to inject 100W only at any time and converter at source 2 is also 
commanded to inject only 100W at any time, converter 3 must inject the remaining 
186.7W needed for the load. As seen in figure 10, the system could tolerate the sudden 
change in the load. 
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CHAPTER 3 
SMART CONTROL OF DC-DC BOOST CONVERTER IN PV SYSTEMS 
 
3.1 Problem Statement 
Proportional integral derivative (PID) controllers are usually used to control DC-
DC boost converters in photovoltaic (PV) systems. However, they have to be tuned based 
on certain defined operating range using averaged mathematical models. Loading 
conditions have great effect on PI controllers; PI controllers are subjected to failure under 
dramatic load changes. This limits the PI controller’s operating range. Moreover, 
transient and steady state response both get affected by changing the operating range. 
 This chapter presents a novel smart-PID-Fuzzy based controller for optimal 
control of DC-DC boost converter used as voltage controller in PV systems. This 
developed controller maximizes the stable operating range by using genetic algorithms 
(GA) to tune the PID parameters ultimately at various loading conditions. Then, a fuzzy 
logic approach is used to add a factor of intelligence to the controller such that it can 
move among different values of proportional gain (Kp), derivative gain (Kd) and integral 
gain (Ki) based on the system conditions. This controller allows optimal control of boost 
converter at any loading condition with no need to retune parameters or possibility of 
failure. Moreover, the chapter presents a novel technique to move between the PI and 
PID configurations of the controller such that the minimum overshoot and ripple are 
obtained, which makes the controller very applicable for PV systems supplying sensitive 
loads. The controlled boost converter is used as an interface between (PV) panels and the 
loads connected to them. It converts any input voltage within its operating range into a 
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constant output voltage that is suitable for load feeding. The developed smart controller 
adapts the duty cycle of the boost converter based on input voltage and loading 
conditions which creates constant output voltage.  A prototype system will be developed 
to verify the applicability of the developed controller.  
 
3.2 Introduction 
Photovoltaic systems have become globally accepted as a practical and feasible 
tool to generated power. Researcher’s efforts for facilitating PV systems utilization and 
their integration to currently available systems was inspired by the national goal of 
having renewable and clean energy sources. Those research efforts have successfully 
solved many of the problems that are attached to PV systems [19]. However, one of the 
major problems of PV systems is that the output voltage of PV panels is highly dependent 
on solar irradiance and ambient temperature. Hence, loads cannot be directly connected 
to the output of PV panels. 
A DC-DC converter is required to operate as an interface between PV panels and 
loads [20]. The DC-DC boost converter fixes the output voltage of the PV system. It 
receives variable input voltage, which is the output of PV panels, and yields constant 
output voltage across its output capacitors where the loads can be connected. Normally, a 
DC-DC boost converter operates at a certain duty cycle. In this case, the output voltage 
corresponds to that duty cycle. If the input voltage is changed while the duty cycle is kept 
constant, the output voltage will vary. However, in the controlled boost converter utilized 
in this research, the duty cycle is controlled based on the input voltage and loading 
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conditions such that the output voltage is constant. Duty cycle is varied using a pulse 
width modulation (PWM) technique. 
PID controllers are commonly used as controllers for boost converters in PV 
systems. However, these controllers have to be tuned according to certain operating range 
and loading conditions. This limits the operating range of the controller. In this paper, the 
operating range of the controller is maximized by tuning the PID controller parameters; 
Kp, Kd and Ki at different operating points using genetic algorithms. A fuzzy controller 
[21-22] is then used to set the optimal values of the controller parameters based on the 
measured output current.  The controller will be utilized in this paper to output a proper 
modulation index for pulse width modulation.  
 
3.3 Characteristics of Solar Panels  
Solar panels consist of different solar cells connected in series and/or are parallel 
in order to achieve desired voltage and current levels. Solar panels consist of semi-
conductor materials that have the ability to convert solar irradiation into DC current. This 
is called the PV effect. The characteristic equation of solar arrays is given by (3-1) [22],  
( )
sh
S
SOSLG R
IRV
IRV
AKT
qIII +−



−


+−= 1exp      (3-1) 
Where: 
ILG Light generated current
IOS Reverse saturation current
Q Electronic charge
A Dimensionless factor
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K Boltzmann’s constant
Rs Series resistance of the cell
Rsh Shunt resistance of the cell
The equivalent circuit of the PV panel is given in figure 3.3.1. 
 
Figure 3.3.1:  PV panel circuit model 
 
 Inspecting the characteristic equation of PV panels given in (3-1), we can see that 
the relation between output voltage and current of PV panels is not linear. Therefore, 
output voltage of PV panels is dependent on the amount of power drawn out of them as 
shown in Fig. 3.3.2. Moreover, the output voltage of PV panels is dependent on solar 
irradiation and ambient temperature, which are naturally variable. However, a constant 
voltage level is needed for connecting loads to PV panels which is imperative for the 
interface between PV panels and loads similar to the developed boost converter. 
3.4 The Boost Converter  
The boost converter is a DC-DC converter that steps up its input voltage based on 
the formula given in (3-2) 
inout VD
V
−
=
1
1          (3-2) 
Where Vout is the output voltage of the boost converter, Vin is the input voltage and D is 
the duty cycle which is the ratio between the time ON of the IGBT and the Period of the 
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Figure 3.4.1:  Boost converter circuit 
 
Figure 3.4.2:ON state of the IGBT 
 
Figure 3.4.3: OFF state of the IGBT 
 
The boost is designed to operate in the continuous conduction modes (CCM) 
which means that the inductor current is always higher than zero. The inductance value is 
designed to be higher than the minimum inductance required for operation in CCM given 
by (3-3) [23] 
S
L
F
DRDL
2
)1( 2
min
−
=
                                                          (3-3) 
Where Lmin is the minimum inductance, D is the duty cycle, RL is load resistance, 
and fs is the switching frequency of the IGBT. 
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The capacitance is designed such that the output voltage ripple is within the 
desired boundary. The minimum capacitance required for certain output voltage ripple is 
given by (3-4) 
The duty cycle governs how much boosting of the input voltage will be achieved 
during boost converter operation. In other words, by controlling the duty cycle we can 
output constant output voltage even in the case of input voltage or loading variation. A 
Fuzzy-based controller that adapts the duty cycle based on the input voltage and loading 
conditions is used to regulate the output voltage. 
rSVRF
DC =min
           (3-4) 
Where, D is duty cycle, R is load resistance, Fs is switching frequency and Vr is voltage 
ripple. 
 
3.5 The Developed controller 
 
 
Figure 3.5.1: Block diagram of the developed controller 
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3.5.1 Online PID Gain Tuning for Maximizing the Operating Range 
In order to maximize the operating range of the control system and make the 
controller capable of handling wide range of output currents, the genetic algorithm [23] is 
used to tune the parameters of the PID controller. The optimization problem aims at 
minimizing rise time, settling time, ripple and steady state error of the output voltage of 
the boost converter corresponding to step changes in input voltage and load. The 
optimization process yields values of Kp, Ki, Kd that are optimal for different output 
current ranges and input voltage ranges. Results of the tuning process at different loading 
conditions at a fixed voltage range are given in Table 3.5.1.1. 
Table 3.5.1.1: Kp, Ki and Kd optimal values 
 
 
Figure 3.5.1.1 and figure 3.5.1.2 show the response of the PID controller to a step 
change in the loading condition using two different techniques; firstly in figure 3.5.1.1 
when the PID controller has the same parameters values before and after the change in 
loading condition. Secondly, Figure 3.5.1.2 shows the response for the controller when 
the parameters vary corresponding to Table 3.5.1.1 such that a matching set of (Kp, Ki 
and Kd) constants are used after the step change is applied. We can see that the response 
in figure 3.5.1.2 is better in terms of much less overshoot of 12.5% and less ripple. 
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Figure 3.5.1.1: Load step change voltage response for conventional PI controller 
 
 
Figure 3.5.1.2: Load step change voltage response for developed controller 
 
3.5.2 Fuzzy controller involvement for smart decision making 
Fuzzy control is a powerful control method that can be applied to different 
systems. It is based on the experience of the user about the system behavior rather than 
modeling the system under control mathematically such as in the linear control theory. 
This makes fuzzy control a powerful control technique especially with non-linear systems 
which are more difficult to derive an accurate approximated mathematical model of the 
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system and expect its behavior. Fuzzy control is a rule-based control technique that is 
approached by linguistic fuzzy rules, which describe the output desired out of the system 
under different operating conditions. Fuzzy rules are in the form of if and then rules, 
therefore the proficient should be designed in such a manner that expected conditions the 
system will endure are covered.  
Designing a fuzzy logic controller is achieved through three basic steps; 
fuzzification, inference mechanism, and defuzzification as shown in figure 3.5.2.1 The 
Mamdani type fuzzy system was used. 
 
 
Figure 3.5.2.1: Block diagram of the fuzzy controller 
 
In fuzzification, the output current which is the input to the control system is 
mapped into a certain linguistic value. Six fuzzy subsets were used. The membership 
functions are numbered from 1 to 6. Number 1 represents the smallest current and 
number 6 represents the largest current. The membership functions for the input variable 
are shown in figure 3.5.2.2. These membership functions are used to map the input 
variables, which is the output current and the PV voltage in the fuzzy set. Operation of 
the membership functions on the input variable yields the extent to which that variable is 
a member of a particular rule. The process of converting control variables into linguistics 
rules is called fuzzification.  
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The fuzzy controller has three outputs which are Kp, Ki and Kd. Each is fuzzified 
into membership function and mapped into a certain linguistic values. In case for the Kp, 
it is divided into 6 membership functions named 3t15, 0t0.8, 2.24t3, 2.24t3, 1.36t1.76 and 
0.8t1.36. These numbers are named to indicate the range of current of which each 
membership function is tuned for. The membership functions for the Kp gains are shown 
in figure 3.5.2.3. Same thing is done for Ki and Kd. Figure 3.5.2.4 and figure 3.5.2.5 
show the Ki gain membership function and the kd membership function respectively. 
      
(a)                                                          (b) 
Figure 3.5.2.2: (a) Membership functions for the output current. (b) PV voltage 
 
 
Figure 3.5.2.3: Membership functions for the Kp gain 
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Figure 3.5.2.4: Membership functions for the Ki gain 
 
 
Figure 3.5.2.5: Membership functions for the Kd gain 
 
However, in inference Engine and Rule base step, the output of fuzzy controller is 
managed through the use of certain linguistic rules. Those rules are shown in Table 
3.5.2.1. The control rules are constructed and based on given conditions (inputs) such that 
the fuzzy controller decides the proper control action. The control action here means that 
the controller outputs a suitable Kp gain, Ki gain and Kd gain such that the PID controller 
parameters are those which give the optimal performance at every operating range. The 
rules are designed such that the controller gives the values of the PID parameters suitable 
for the current loading condition. 
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Finally, in defuzzification, as the output of the fuzzy controller is in the form of 
fuzzy set and it has to be transformed from linguistic form into a number that can be used 
to control the system. Many defuuzification methods like weighted average (wtaver) or 
weighted summation (wtsum) methods were developed. The wtaver method was utilized 
[22]. The value of Kp, Ki and Kd is based on the output current of the converter and the 
PV voltage, which in this case is the input to the fuzzy controller. Figure 3.5.2.6, Figure 
3.5.2.7 and figure 3.5.2.8 show the output of the fuzzy controller as function of the output 
current and input voltage. 
Table 3.5.2.1: Fuzzy rules 
 
 
 
 
Figure 3.5.2.6: Surface plot of Kp gain  
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Figure 3.5.2.7: Surface plot of Ki gain 
 
 
Figure 3.5.2.8: Surface plot of Kd gain  
 
3.5.3 Enhancing Transient and Steady State Response 
PI controller is the most commonly used controller in the industry. It is simply a 
PID controller in which the derivative gain value is set to zero. Generally, the 
proportional integral (PI) controller is able to control a DC-DC boost converter. On the 
other hand, the derivative part of the PID controller has the characteristic of anticipating 
the future behavior of the error as it deals with the derivative of the error. Hence, it is 
very helpful in mitigating sudden and step changes that the system may be subjected to. 
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However, it causes ripple in the output voltage waveform. Figure 3.5.3.1 shows the 
response of the PID controller for the same case study given in figure 3.5.1.1.  As can be 
seen in the figure, adding the derivative component (PID controller) decreases the voltage 
dip caused by the step change of the load. However, the ripple increases in this case more 
than in the case of the PI controller after. 
This work introduces a technique to benefit from help of the derivative part only 
when it is useful to have it as a part of the controller and eliminate its effect gradually 
until we obtain a PI controller with minimum ripple. 
As explained previously, the developed controller is made of a PID controller that 
utilizes fuzzy control to design the optimum values of the proportional gain, the integral 
gain and the derivative gain of the PID controller. When designing a PID controller, the 
PID parameters are tuned only once in order to be operated for a wide operating range.   
 
 
Figure 3.5.3.1: Load step change voltage response for conventional PID 
controller 
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3.6 Simulation Results 
In case of the DC/DC boost converter, the load connected to the output of the 
boost converter plays a significant role in affecting the output voltage response of the 
DC/DC converter. This situation occurs when the parameters of the PID are tuned for 
fixed values. The boost converter circuit is based on three main components that perform 
the voltage boosting functionality. An inductor is placed in a series with the power 
supply, an IGBT switch is connected parallel to the output point of the inductor and the 
power supply and a capacitor connected to the output terminals of the converter; 
Resistive loads are connected in parallel to the capacitor. Therefore, when the switch is 
closed the inductor charges and when the switch opens the inductor discharges to supply 
the load. From this operation we can conclude that the switch time ON contributes to the 
voltage level of the capacitor which is connected in parallel to the resistive load. 
Understanding this operation is a requirement for designing the optimal values of the PID 
gains. The resistor is connected in parallel to the capacitor, then increases the resistance 
value which leads to a slower voltage response and vice versa.  
The converter is operated with switching frequency of 3 KHz and sampling time 
of 0.3 ms which allow the controller to detect the variations of loading and respond to it 
very fast before the capacitor voltage can be affected by the load changes. This fast 
control operation eliminates the transient which occurs when a pulse load is applied to the 
converter. The load current then gives feedback about the capacitor time constant. 
Therefore, using the voltage and current as a feed back to the controller, the optimal 
parameter values of the PID gains can be estimated for each operating loading point. 
Figure 3.6.1 shows the voltage, current and PID gains responses to a load step change 
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from 100W to 500W. Load current is an input for the fuzzy controller and based on its 
value, the PID parameters are estimated. As seen the Kp and Ki gains changed 
instantaneously with the load step change with an extremely small delay of 0.3m seconds. 
It can be observed that the Kd value is continuously changing with time and eliminates 
voltage undershoot or overshoot when loading is applied or unplugged from the 
converter.  
 
 
Figure 3.6.1: Smart Controller Load step change, 100W-500W response and 
controller parameters variations 
 
It can be seen in figure 3.6.1 that a pulse is generated with a period function of 
capacitor time constant to detect any loading to the DC/DC converter. At steady state 
operation the gain Kd in this case causes the capacitor to have a slow charge/discharge 
operation. However, this is undesired in this case. One of the advantages of having a fast 
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controller is its ability to enhance the ripple of the output voltage. Therefore, the Kd gain 
is zero at steady state operation. However, at any loading change it is applied to a tuned 
value that is function of the load current. This value is chosen by the fuzzy logic 
controller.  
 
Figure 3.6.2: Smart Controller Load step change, 500W-100W, response and 
controller parameters variations 
 
It can be observed from Figure 3.6.1 that the Kd gain has a fixed value of 0.7e-3 
during the load detection pulse ON period.  Once the load detection pulse is turned off, an 
exponential damping factor is applied to the Kd value to give a Kd of zero and enhance 
the ripple of the device at a steady state of operation. However, the Kp and Ki values are 
fixed. When in the steady state of operation the Kp and Ki values are chosen to create a 
quick response in order to achieve full control of the charging and discharging operation 
of the capacitor at steady state; which leads to reducing the ripple, then changing the Kd 
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gain instantaneously which will then create an undesired voltage transient response. 
Therefore, it is reduced slowly to zero so it does not affect the voltage waveform and 
does not harm the load with a voltage overshoot or undershoot. Figure 3.6.2 shows the 
smart controller response when a load of 500W is decreased to 100W. As it can be 
observed that the voltage did not get affected by the loading variations. A very small 
voltage overshoot of 1 V is observed due to the load step change. This is considered an 
excellent response for a 200V bus. 
 
Figure 3.6.3: Traditional PI controller Load step change response (100W-500W)  
 
 
Figure 3.6.4: Traditional PI controller Load step change response (500W-100W) 
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A PI controller is used in comparison with the developed smart controller to 
highlight its advantages. Figure 3.6.3 shows the voltage and current response to a load 
step change of 100W to 500W. The same load step change is applied previously to the 
smart controller illustrated in figure 3.6.1. The axis level for the voltage and current in 
figure 3.6.1 and figure 3.6.2 are exactly the same, so the significant difference in the 
transient response corresponding to that load change can be clearly observed. In case of 
the traditional PI controller, a 19V voltage dip occurred due to the load step change. As 
you can see that the controller still recovers and maintains itself. However, you can 
observe that the ripple in voltage in figure 3.6.3 is much higher in the high load instant 
then the lower load region. In the other hand, the smart controller in figure 3.6.1 
maintains a small ripple in both cases. Figure 3.6.4 shows the voltage and current 
response for the traditional PI controller as the load is changed from 500W to 100W, 
which is the same case for the smart controller illustrated in figure 3.6.2. Almost 20 volts 
ripple occur during the transient time. As explained in the beginning of the discussion, 
the controller does not take the derivative of the error into account which leads to higher 
overshoot and undershoot during transient operation. Also, when the load is reduced from 
500W to 100W, the Kp and Ki gains are not tuned for that wide range. The Ki and Kd 
gains in case of the traditional controller do not change when the load changes. 
Therefore, the error of the voltage is based through fixed gains, which causes a longer 
time to converge to the retrace voltage.  
 
 
 
 
 
39 
 
3.7 Experimental Results  
Experimental results were taken to insure the validity of the developed control 
strategy. The Fuzzy controller was used to decide the values of the PID controller based 
on the current passing through the load.  While using this controller to control the duty 
cycle of the IGBT switch, a load step change was applied to the output of the DC/DC 
boost converter. The load is changed from 220W to 1 KW. As seen in figure 3.7.1, a 
transient of 0.05 sec has occurred and almost no voltage dip can be observed. Another 
test was conducted to test the controller. A load step change from 1 KW to 220W was 
applied to the DC/DC converter. Due to that step change, a transient of 0.05 seconds 
occurred. In addition, voltage ripple is observed to reach 1V during the transient case. 
Figure 3.7.2 shows the voltage and current response for a load step change from 1 KW to 
220W. 
 
 
Figure 3.7.1: smart optimal PID controller response for load step change from 
220W to 1KW 
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Figure 3.7.2: smart optimal PID controller response for load step change from 1 
KW to 220W 
 
To illustrate the effect of having the derivative gain in the controller, Figure 3.7.3 
shows the voltage and current transient response for a load step change of 1 KW to 220 
W. This is the same exact case in figure 3.7.1. The response was taken while the fuzzy 
controller is choosing only the PI parameters. Whereas, the derivative gain value was set 
to zero at all loading conditions. It can be observed that a voltage dip of approximately 10 
V occurred when the load was switched and took 0.35 seconds to stabilize. Also another 
test was conducted for a load step change from 1 KW to 220W. Figure 3.7.4 shows an 
overshoot of 8V which occurred over a 0.3 sec period of time. These experimental results 
indicate that when adding the derivative gain component in the PID during the instant 
loading, a better transient response is achieved. Another experiment is implemented to 
compare the traditional PI controller to the developed controller.  
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Figure 3.7.3: smart optimal PI controller (Kd is set to zero) response for load step 
change from 220W to 1 KW 
 
 
 
Figure 3.7.4: smart optimal PI controller (Kd is set to zero) response for load step 
change from 1 KW to 220W 
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Figure 3.7.5: PI controller response for load step change from 220W to 1 KW 
 
 
 
Figure 3.7.6: smart optimal PI controller response for load step change from 1 
KW to 220W 
 
Figure 3.7.5 and figure 3.7.6 show the voltage and current transient response for 
the same loads presented for the other two cases. The PI controller gives the worst 
voltage response because it has an under damped voltage of 18 Volts and higher when the 
1 KW load is applied. This indicates that the PI is not as efficient or as staple for wide 
range of load variations. 
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CHAPTER 4 
ENHANCING LOADING LIMITATIONS IN PV SYSTEMS  
 
4.1 Systems Description  
This chapter discusses the loading limitations in PV systems resulting from 
switching the power electronic interfaces and transients associated with large loads. 
These conditions de-rate the power generation capability of the PV system. A method for 
enhancing the loadability of these systems under both steady state and dynamic 
operations is discussed. A PV system for home application purposes, with a rated power 
of 280W was designed and built.  
 
 
Figure 4.1.1: The block diagram of the PV system implemented in SIMULINK 
 
Figure 4.1.1 depicts the block diagram of the PV system, built in 
MATLAB/SIMULINK. The system consists of a PV array containing two PB 175B 
panels connected in series and each panel has the following specifications at the standard 
test conditions (STD, temperature=25 °C and solar irradiance=1 kW/m2): 
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In the stable operating conditions the output voltage of the PV array, depending 
on the load, varies between 70V to 90V, which is not a proper level for converting to 120 
VAC. As a result, a boost converter steps up and repairs the array output voltage (Here, 
L=2.7 mH+0.59 Ω, and C=1200 µF, and fs=2 kHz).  
An anti-windup PI controller controls the boost converter by means of adjusting 
the duty cycle which leads it to produce the proper PWM pulses for triggering the IGBT 
switch. The anti-windup block prevents the integrator from accumulating the error, when 
the controller output goes to saturation region, i.e. duty cycle greater than 1 or less than 0. 
In our experiments, the duty cycle is limited between 0 and 0.9. This approach helps the 
controller to quickly recover from the saturation region, after observing a change in the 
sign of error signal [24]. 
A full bridge single-phase IGBT inverter converts the DC link voltage to 120 
VAC at 60 Hz, which is suitable for home applications. The IGBT gates are fired by 
PWM signals which are provided by the inverter controller. In general, a sinusoidal 
PWM operates in the non-linear range when its amplitude modulation ratio (ma) exceeds 
1 (over-modulation), and saturates when ma reaches 3.24 [25]. Hence, in the same 
manner as the boost controller, the PI should be augmented with an anti-windup block for 
fast recovery from the saturation region. 
An LC filter refines the square wave output voltage of the inverter. This filter 
reduces the harmonic content of the AC voltage before injecting it to the load. The filter 
parameters are: L=12 mH+2.23 Ω, and C=49 µF. We use Total Harmonic Distortion 
(THD) as a measure of the quality of the load voltage. In this study, the DC link reference 
voltage, i.e. boost reference voltage, and the frequency modulation ratio (mf) [26-30] for 
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the inverter are set such that the minimum THD is achieved over the operating range of 
the system.  
 
4.2 Simulation and test results  
This study investigates two different aspects of the system which are steady state 
and dynamic performance. In the steady state analysis, the load voltage quality, in 
particular THD, and the steady state loadbility are taken into consideration. In addition, w 
the dynamic analysis of the systems stability, speed, and accuracy are considered with  
specifically concerned about load switching effects on the system stability. 
To verify the obtained results from the simulations, the described system is 
implemented in the laboratory. We used d SPACE 1104 for interfacing SIMULINK and  
hardware. Also, we utilized a DC programmable power supply instead of actual PV 
arrays. All the inductors and capacitor sizes used in the simulations were based on the 
actual parts available in the lab.  
 
4.2.1 Steady state performance 
Figure 4.2.1.1 shows the variations of the load voltage THD versus, the DC link 
reference voltage for mf=38. Figure 4.2.1.2 shows the same graph for a smaller range of 
load power, i.e. Pload=[270, 292 W]. In addition to THD profile, these figures are helpful 
in investigating the loadability or steady state stability of the system. The dark red 
regions on the right sides of the figures with higher THD indicate the loadability margin 
of the system. It can be observed that, increasing Vdc from 160V to 240V deteriorates the 
system loadability. On the other hand, for small Vdcs the THD may exceed 5% which is 
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beyond the distortion limits for general low voltage systems [30]. From this figure, 
V*dc=210V offers a tradeoff between THD profile and loadability over a wide range of 
the operation specifically around the rated power. For the given set point, the system can 
run up to 286W which is about 82% of the rated capacity of two panels. This de-ration is 
a result of the fluctuations in the array side as well as the losses caused by the boost and 
inverter switching and the heat dissipated in the system resistors such as the boost and LC 
filter. 
 
Figure 4.2.1.1: Variations of THD versus V*dc, optimum V*dc=210 V 
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Figure 4.2.1.2: Steady state stability of the system with respect to DC link voltage 
 
4.2.2 Dynamic Performance  
As discussed in section 4.1, the power capability of a PV panel is very sensitive to 
its operation point. If under any condition, one draws large current, its voltage and 
consequently its power collapse. We faced this problem during the charging periods of 
the boost converter and the inverter. This means that the array could not afford the large 
currents during the start up or voltage build up process of the boost converter and the 
inverter. To solve this problem, instead of applying step inputs, the reference voltages of 
both of these components, should gradually increase from zero to their final value.  There 
were two rate limiters were employed, one for the boost controller (200/sec) and another 
one for the inverter controller (400/sec). It should be noted that, although these rate 
limiters slow down the system and start up process, since the system usually starts only 
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once and serve the load for a long period, this delay is not considered as a big issue in 
load connectivity.   
In addition to the start up, load switching is a major aspect that must be 
investigated. Actually, all the regular loads, such as home appliances are just plugged and 
ran, instantaneously. Therefore, we cannot deal with them in a similar manner to the 
boost converter and the inverter. This means that soft start is not applicable. The goal is 
to set the controllers on such a way that the largest possible load can be switched and 
then served with a satisfactory quality. Our experiments show that a slow PI controller 
for the boost converter can reduce the effects of switching large loads at the array side. In 
fact, it does not matter if DC link voltage drops or increases for a few seconds and 
stabilizes with some delays. This is because it is not connected to any load or any other 
voltage sensitive device. Hence, we employ a slow controller for the boost converter 
which somehow isolates the PV array from instantaneous fluctuations in the load side and 
use a fast PI controller for the inverter which fixes the load voltage at its desired value 
within a fraction of second and with a small over shoot. In this study, we set proportional 
gains (kP) of the boost and inverter controllers at 0.004 and 0.002, and the integrator 
gains (kI) are 0.02 and 1, respectively.  
This system can successfully respond to switching 265W load, while in the case 
of a fast boost controller with kP=0.004 and kI=2 the system can maintain the service for 
switching loads no larger than 220W. However, it is pretty stable, fast, and accurate 
under switching of loads smaller than 220W. Figure 4.2.2.1, Figure 4.2.2.2, Figure 
4.2.2.3 and figure 4.2.2.4 shows the simulation and experiment voltage and current 
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variations at the DC (PV array and boost) and AC sides, during start up and switching of 
a 220W loads for the fast and slow controllers, respectively.  
 
 
Figure 4.2.2.1: Simulation results for voltage and current variations during  
 
 
 
Figure 4.2.2.2: Experimental results for voltage and current variations during 
switching of a 220W load for the fast controller 
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Figure 4.2.2.3: Simulation results for voltage and current variations during 
switching of a 220W load for the slow controller 
 
 
 
Figure 4.2.2.4: Experimental results for voltage and current variations during 
switching of a 265W load for the slow controller 
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                 It can be observed that the experimental results are consistent with the 
experimental results, which verifies the validity of the simulation model. When these 
figures are compared results indicate that for a 220W load the fast controller has much 
better transient performance (in terms of speed and overshoot) than the slower one. 
Moreover, the top figures show the effectiveness of using a capacitor between the PV 
array and the boost converter in reducing the current, and as a consequence voltage, 
fluctuations of the array and enhancing its loadability. 
 
 
Figure 4.2.2.5: Simulation results for voltage and current variations during 
switching of a 265W load for the fast controller 
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Figure 4.2.2.6: Experimental results voltage and current variations during 
switching of a 265W load for the fast controller 
 
 
 
 
Figure 4.2.2.7: Simulation results for voltage and current variations during 
switching of a 265W load for the slow controller 
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Figure 4.2.2.8: Experimental results for Voltage and current variations during 
switching of a 265W load for the slow controller 
 
Figure 4.2.2.5 and figure 4.2.2.6 present the same waveforms for switching a 265 
W load in the fast system. It can be seen that the system with the fast boost controller 
fails to respond the load switching.  On the other hand, Figure 4.2.2.7 and figure 4.2.2.8 
shows that the slow system can fulfill the load demand during both the transient and 
steady states.  A 265W load at t=2.5 sec and 20W at t=4 sec are switched (totally 285W 
in two switches, out of 286W possible capacity). The right figure shows the same 
waveforms for switching about a 265W load.  
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4.3 Conclusion  
This chapter discusses the loadability of PV systems under both steady state and 
dynamic operations. An enhancement to the steady state performance of the system is 
achieved by inserting a capacitor at the array output and by the proper adjusting of the 
DC link reference voltage. Also, the developed slower controller for the boost converter 
increased the stability and loadability of the system during large loads switches. Actually, 
the DC link can act as a buffer which reduces the effects of the transients at the AC side 
on the arrays. Experimental results verify the effectiveness of the developed approaches.   
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CHAPTER 5 
BI-DIRECTIONAL POWER TRANSFER CONTROL OF GRID-CONNECTED 
DC MICROGRIDS 
 
5.1 Connectivity to AC Grid 
In this chapter some of the aspects related to the connectivity of DC micro-grids 
to the main grid are investigated. A prototype system was designed and implemented to 
address these aspects. The described system is dependent on sustainable energy sources. 
Hence, special care was given to dealing with the sources while designing different 
components of the system. Certain features had to be maintained in the system in order to 
assure efficient integration of different sources such as, efficient and reliable load-feeding 
capability and full controllability of voltage and power flow among various buses in the 
system. Two different converters were investigated; firstly, a fully controlled rectifier 
was designed to tie the DC grid with the AC one. A vector decoupling controlled 
sinusoidal pulse width modulation (SPWM) technique was used to allow the designed 
rectifier to maintain a constant output voltage while being able to control the active and 
reactive power drawn from the grid independently. Hence, this controlled rectifier acts as 
a voltage regulator for the DC micro-grid and has a unidirectional power flow capability 
from the AC grid to the DC micro-grid. Moreover, in order to allow bi-directional power 
flow, a bi-directional AC-DC/DC-AC converter was designed. Vector decoupling 
controlled sinusoidal pulse width modulation technique has also been used to allow the 
designed converter to control the power transferred between the AC and DC sides in 
either direction while being able to control the active and reactive power drawn from the 
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grid independently. Hence, the Bi-directional AC-DC/DC-AC converter controls the 
active power transfer while operating at unity power factor. Both simulation and 
experimental results verify the validity of the developed converter. 
 
5.2 DC Bus Voltage Regulation 
The DC distribution system under study is shown in figure 5.2.1. It consists of a 
DC micro-grid that is tied to the AC grid through a controlled rectifier. The first issue 
that has to be considered while designing such system is having a constant output voltage 
on the DC network. This facilitates the integration of different sustainable energy 
sources. The fully controlled rectifier used in this paper is responsible for fixing the DC 
voltage in the system in case it is grid-connected. Otherwise, at least one of the DC-DC 
converters connected to sustainable energy sources has to be assigned the responsibility 
of regulating the DC micro-grid voltage and maintaining the power balance in the system. 
In this paper, the system grid-connectivity in the grid-connected mode is investigated. 
 
 
Figure 5.2.1: The three phase controlled rectifier used in the developed system. 
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Converting the system equations into rotating d-q references frame using Park’s 
transformation, we obtain, 
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Where, 
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        (5-4) 
As for the DC side, the equation governing the DC output of the rectifier is given 
by (5-5), 
L
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R
viS
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dvC −=
2
3
         (5-5) 
Hence, the complete dynamic model of the system is given by (5-6), 
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             The power balance equation of the system assuming that is lossless is given by 
(5-7), 
L
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60 
 
5.2.2 Vector Decoupling Technique 
Two nested loops was utilized to realize DC voltage and input current control 
simultaneously. The outer loop is for controlling the DC bus voltage. In this loop, the 
developed smart controller is utilized and the inner loop current control is realized. PI 
controllers were tuned and utilized in the controller. We used the d-q transformation and 
PI controllers worked on three DC signals, which helped eliminate steady state errors.  
Moreover, in order to enhance the performance of the current control loop, the 
decoupling term (wL) was included while calculating the rectifier’s input voltages. These 
voltages are the modulation signals for the PWM technique. The equations used in 
building the controller are given by (5-8) and (5-9), 
( ) ( )dtiikiikewLiv qrefqiqrefqpqdcontrq  −+−++=     (5-8) 
( ) ( ) −+−+−= dtiikiikwLiv drefdidrefdpqcontrd       (5-9) 
This vector decoupling control technique allows control of the active and reactive 
power drawn from the grid separately so it is able to work at the unity power factor if the 
reference value of id was set at zero as shown in the equations of active and reactive 
power in d-q frame of references given by (5-10) and (5-11), respectively. Figure 5.2.2.1 
shows a block diagram of the controller used in this paper.  
( )drdqrq ivivtP −= 2
3)(
         (5-10)  
( )qrddrq ivivtQ −= 2
3)(
         (5-11) 
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Figure 5.2.2.1: Vector decoupling control of the SPWM rectifier used in this 
paper. 
 
5.3 Adaptive Voltage Controller  
 
 
Figure 5.3.1: Block diagram of the developed adaptive controller used in the 
controlled rectifier under study in this paper. 
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Proportional integral derivative (PID) or Proportional integral (PI) controllers are 
usually used to control the output DC voltage in such systems. However, they have to be 
tuned based on a certain defined operating range. Loading conditions have great effect on 
PI controllers and PI controllers are subjected to failure under dramatic load changes. 
This limits the PI controller’s operating range. Moreover, transient and steady state 
response both get affected by changing the operating range. Thus, in this paper we use an 
adaptive-PID controller. This developed controller maximizes the stable operating range 
by ultimately tuning the PID parameters at various loading conditions. Then, a fuzzy 
logic approach is used to add a factor of intelligence to the controller such that it can 
autonomously move among different values of proportional gain (Kp), derivative gain 
(Kd) and integral gain (Ki) based on the system conditions. This controller widens the 
converter’s operating range and reduces the possibility of failure. Moreover, a technique 
to move between the PI and PID configurations of the controller such that the minimum 
overshoot and ripple are obtained, which makes the controller very applicable even for 
systems supplied with sensitive loads. A block diagram of the controller used in the 
developed system is shown Figure 5.3.1.  
 
5.4 Maximizing the Operating Range 
In order to maximize the operating range of the control system and make the 
controller capable of handling wide range of output currents. The PID controller 
parameters were tuned around different overlapped operating points. The tuning process 
aims at minimizing rise time, settling time, ripple, and steady state error of the output 
voltage of the rectifier and maximize the controller’s stability corresponding to step 
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changes in the load. This process yields values of Kp, Ki, Kd which are optimal for 
different output current ranges. An example of the results of the tuning process in the 
range from 0-4 Amps is given in Table 5.4.1.  
 
Table 5.4.1: Kp, Ki and Kd optimal values at different loading conditions 
 
 
5.5 Bi-directional Power Flow 
An important feature of grid-connected DC micro-grids or DC distribution 
systems is the ability to inject or extract power from the grid based on the generation and 
loading conditions. In order to do that, a controlled AC-DC/DC-AC which allows bi-
directional power flow was designed. This controlled converter is responsible for 
controlling the amount of power that flows between the AC and the DC grids. Power 
flow from the AC to DC grid is very important to cover any deficiency in the demand in 
the DC grid due to normal or pulse loading 
 
Figure 5.5.1: The three phase bi-directional AC-DC/DC-AC used in the 
developed system. 
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current controlled rectifier mode, current controlled inverter mode and has also been 
tested to instantaneously change its mode of operation.   
Power sharing in the DC side is different from power sharing in the AC side. In 
case of sharing AC power, the voltage phase and amplitude is changed at one terminal of 
a reactive passive element and power can flow from one point to another. However, in 
DC network the only way to share continues current is by changing the DC voltage at one 
terminal of a resistor. Which leads to having a potential difference across its terminals 
and eventually DC power can flow. However, resistors are losses in the system. 
Therefore, the resistor that couples between the DC grid and the controlled bi-directional 
converter must have as small of a value as possible. The value of the resistor has a direct 
relation to the voltage drop across the resistor terminals which must be in a sensible range 
in order for the current control to be achieved properly. In this case a 24 mH inductor 
with internal resistance of 0.9 ohms is used to couple between the DC grid and the bi-
directional converter. The inductor enhances the distortions in the DC current by a huge 
factor which allows smooth current sharing. In conclusion, an inductor that is properly 
designed is placed between the output terminal of the converter and the DC grid to allow 
a continuance of power sharing. 
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Figure 5.6.1: Controlled Bi-directional response to DC current reference change 
1-3 Amps, (a) experimental results, (b) simulation results. 
 
                                                             
 
 
 
Figure 5.6.2: Controlled Bi-directional response to DC current reference change 
3-1 Amps, (a) (a) experimental results, (b) simulation results. 
 
 
                                                                             
 
 
Figure 5.6.3: Controlled Bi-directional response to DC current reference change 
(-3)-(-1) Amps, (a) experimental results, (b) simulation results. 
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Figure 5.6.4: Controlled Bi-directional response to DC current reference change 
(-2)-(3) Amps, (a) simulation results, (b) experimental results. 
 
                   
 
 
Figure 5.6.5: Controlled Bi-directional response to DC current reference change 
(3)-(-2) Amps, (a) simulation results, (b) experimental results. 
 
 
 
 
Figure 5.6.6: Harmonic analysis of the input current to the rectifier. 
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i.e. current will flow from DC grid to the AC grid. It can be seen that the experimental 
results are a match for the simulation results.  
Finally, Figure 5.6.6 shows the harmonic analysis of the current drawn from the 
grid. The total harmonic distortion (THD) of the current is 0.88 %, which is acceptable. 
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CHAPTER 6 
SMART DYNAMIC UNIT COMMITMENT SCHEME FOR AC 
DISTRIBUTION SYSTEMS INVOLVING HYBRID RENEWABLE ENERGY 
SOURCES 
 
6.1 Introduction 
In this chapter, an effective algorithm for optimizing distribution system operation 
in a smart grid, from cost and system stability points of view, was developed. The 
developed algorithm mainly aims at controlling the power available from different 
sources such that they satisfy the load demand with the least possible cost while giving 
the highest priority to renewable energy sources. Moreover, a smart battery charger was 
designed to control the batteries in such a way that allows them to discharge only when 
there is not a huge load predicted within the coming period.  Therefore, they become 
available to act as a buffer for the predicted large load, they also increase the stability of 
the system, and reduce voltage dips. In addition, batteries are used to serve another 
purpose from an economic point of view, which is peak-shifting during the day in order 
to avoid the relatively high prices of grid power during peak periods. Since this algorithm 
is mainly dependent on forecasted data of the power available from different renewable 
energy sources as well as the load demand, full attention was paid to the forecasting 
process. Hence, a non-linear regression technique was applied to build accurate 
forecasting models for different sources as well as the load. These models help in 
monitoring and predicting the total power generation and demand online. Furthermore, a 
fuzzy controller was utilized to make use of the forecasted data of the coming peak 
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period then decide dynamically the amount of power that should be taken out of the 
battery. Different case studies were investigated to verify the validity of the developed 
algorithm and define the system behavior under several conditions. 
 
6.2 System and Problem Description 
In order to examine the developed commitment scheme, a prototype system was 
used. The system under study is an AC distribution system that depends mainly on 
renewable energy sources to supply its local loads. However, the system includes a 
backup battery system that can support load deficiencies. In addition, the system is 
connected to the main grid, which also can supply the load in case the power available 
from different renewable energy sources is not enough. However, in this paper we try to 
make the system under study as self satisfied as possible. This means that we are 
minimizing the power drawn from the grid. The maximum peak load is assumed as 300 
kW. The PV system has a capacity of 100 kW. On the other hand, the wind system has a 
capacity of 150 kW.  
 
6.3 Data Forecasting  
A Mathematical models for PV, wind and load demand power was obtained based 
on previous actual data from data bases. The unit commitment problem of a prototype 
system containing PV, wind, battery system and loads was investigated in case the 
system is grid-connected. To add a factor of intelligent, a fuzzy controller was designed 
to control the amount of power that should be taken out of the battery system in case of 
 
 
73 
 
power deficiency to cover the load demand, while maintaining high voltage stability of 
the system. 
 
6.3.1 Data Collection  
In order to solve the commitment problem involving renewable energy sources 
and coordinate the sources in an economic way, information about the total generation 
available out of renewable energy sources as well as the load demand should be known in 
advance. Hence, we count on real data forecasting of PV and wind output power as well 
as the demand. The data forecasting process was based on PV data collected over 15 
years on an hourly basis for a unit in the state of Texas, wind data collected over four 
years on a 10 minute basis and load data over four years on an hourly basis for the same 
region. A non-linear regression modeling technique was employed to mathematically 
model the output power of each of the renewable sources and the load demand. Different 
model evaluation indices was used to validate the mathematical models obtained.   
 
6.3.2 Non-Linear Regression Modeling 
The non-linear regression model used in this paper has the ability to cope with the 
non-linearity of the data and form an accurate model. It is based on the idea of 
transformation of the data using a pre-defined set of non-linear functions in order to 
achieve linearity [32]. 
The non-linear model given in and designated as   has the following form: 
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Where,  d

 and y  are the vectors of real and predicted data, respectively.  
The value of 2dR  for a model is ranging from 0 to 1 and it implies that 
2
dR  of the 
sample variation is attributable to or explained by one or more of the variables as long as 
it approaches unity. The better regression fits the data the closer the value of 2dR  is to 
one. 
 
6.3.4 Mathematical Modeling Results 
Mathematical models for PV and wind systems output power in addition to the 
load demand were deduced. These mathematical models are given by (6-5), (6-6) and (6-
7), respectively. 
8.07.08.04.0 5.1146.79759158.962 DHDHPPV +++−=      (6-5)
( ) 4.08.07.04.07.04.08.0 2.03.171002.4821062.62 DHDHDHDHPWind −+++−=    (6-6) 
( ) 4.04.07.08.04.0 1.310024.71026.455.32 DHHDDHPLoad −++−=      (6-7) 
Where, H and D are the hour and month, respectively. 
The PV mathematical model was trained using the sets of data of fourteen 
previous years. However, the model was tested using the data of the most recent year, 
which has not been included during the training process. Figure 6.3.4.1 shows the 
mathematical modeling results of the PV data versus the actual data. We can see that the 
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modeling results are successfully tracking the actual ones along the whole year. The 
MAPE of this model is 4.65, which is a reasonable value taking into consideration that we 
are minimizing the inputs to the model (variables of the non-linear functions) to only time 
bases. However, if we were to take other inputs related to environmental variations 
corresponding to sun radiations, we would definitely obtain a more detailed model as 
these inputs are much more correlated to the output power of the PV than just time. 
Moreover, the value of 2dR  is 0.951, which means that the transformed inputs used are 
representative to the output power of the PV system. In this paper, we try to count on 
only time to predict the output power. Non-linear regression is helpful in this case as it 
transforms sets of inputs into other forms that are more correlated to the desired output. 
The wind data was categorized into two groups; data of the first two years 
available was used as training data and data of the most recent year was used as testing 
data. Figure 6.3.4.2 shows the mathematical modeling results versus the actual data 
results of the wind. We can also see that the model is successfully representing the actual 
data. The MAPE is 6.1%, such a small value proves the accuracy of the model. Moreover, 
the value of 2dR  is 0.941, which is again acceptable. 
The load data for four consecutive years was used to model the load duration 
curve and they was categorized as follows, data of three years as training data whereas 
data of another year as testing data. Figure 6.3.4.3 shows the results of the obtained load 
demand model. Actual and modeling data are close to each other, which validates the 
model obtained. Moreover, values of the MAPE and 2dR  are 6.45 % and 0.934, 
respectively. The value of MAPE is relatively small. Whereas, the value of 2dR  is close to 
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one. These two facts support our conclusion that the mathematical model is well 
representing the actual data.  
 
 
Figure 6.3.4.1: PV actual versus modelling data for one year 
 
 
 
Figure 6.3.4.2: Wind actual versus modelling data for one month 
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Figure 6.3.4.3: Load demand actual versus modeling data for one year 
 
6.4 Unit Commitment Problem 
The main objective of the unit commitment problem solved in this paper is to 
minimize the power drawn from the grid, to keep the battery’s SOC above 60% and  to be 
prepared as a buffer for sudden large loads, and to use the energy stored in the batteries to 
shift peaks and, consequently, save money.   
Hence, intuitively we commit both the PV and the wind systems to supply all the 
power available at them. This means that both of them are working in the maximum 
power point tracking mood. These types of systems  generally have two different 
scenarios;  
Firstly, if the power available from renewable energy sources exceeds the load 
demand, the power is injected back to the grid or used to charge the batteries. 
Secondly, if the load demand is larger than the power available from renewable 
energy sources, we have power deficiency as given by (6-8). 
)( windPVloadd Pppp +−=         (6-8) 
0
5
10
15
20
0
100
200
300
60
120
180
240
300
360
Time of dayDay of year
Lo
ad
 P
ow
er
 (k
W
)
 
 
79 
 
Where, Pd is the power deficiency. Generally, we have two different sources to 
supply this deficiency in power. That is either by using the power stored in the battery 
system or using the grid. In this case, as we previously stated the objective here is to 
make the system as self-dependent as possible. Hence, the priority is given to the 
batteries to supply the deficiencies. However, if it is predicted to have a big peak load 
within the coming few hours the priority is given to have the batteries ready with a 
relatively high state of charge (SOC) by the time of occurrence of that peak load. The 
purpose of this is to maintain high voltage stability of the system while minimizing the 
cost. 
Moreover, a special care was given to whether it is a peak or an off-peak hour as 
the cost of energy is different in both cases. Managing the power corresponding 
differently corresponding to peak and off-peak hours reduces the total annual cost. The 
commitment problem is run continuously. This means that the futuristic load and total 
supply powers are predicted and based on these values in addition to the time at which 
the coming peak load is taking place and the current SOC of the batteries.  The 
percentage of power that will be taken from each of the grid and the batteries will be 
decided. The mathematical models derived are used to forecast the peak load and the 
hour of its occurrence as well as the renewable energy power. In addition, in one of the 
cases they will used to calculate the energy that will be required during the coming peak 
hours by integrating the area under the power curve. Moreover, a fuzzy system is used to 
solve a part of this commitment problem as fuzzy systems have the abilities to solve such 
kinds of complicated problems.  
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The mathematical models derived were used to predict the peak load and 
generation available at the time it occurs. At peak load, the partial derivative of the curve 
with respect to hours tends to go to zero. Hence the hour at which the peak load will take 
place at a given day can be calculated as in (6-9) 
0
1
=
∂
∂
=DD
load
H
P
         (6-9) 
Where, D1 is the day in which we are calculating. Solution of (6-9) yields the 
hour H1, which is the hour at which the coming peak load is taking place. Substituting in 
(6-5), (6-6) and (6-7) with the value of H1, we get values of the load demand, PV and 
wind output power. These values are Pload1, PPV1 and Pwind1, respectively. The energy 
during the coming peak hours, used in the energy management algorithm developed in 
this paper, is predicted as follows: 
 •= max
min
H
H
load dHPE          (6-10) 
Where, Hmin and Hmax are the starting and end hour of the coming peak period. 
Since, customers can save an average of 6%-7% annually over the Basic Plan by 
shifting some energy use to off-peak hours. This was taken into consideration in order to 
have the economic operation of the system. 
The available sources are, 
• PV and Wind (P_PV 〖+P〗_Wind) 
• Battery during the discharging mode (P_(d,batt)) 
• Utility Grid (Pu) 
Loads are, 
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• Normal loads (Pload) 
• Battery during the charging mode (Pd,batt) 
The developed algorithm has three inputs; the difference between the renewable 
power (PPV +Pwind) and the load demand, if the current time is within peak hours or not, 
SOC of the battery, predicted renewable power at the hour of the coming week and the 
hour at which it occurs. 
There are two possible cases discussed in section 6.4.1 and section 6.4.2. 
6.4.1 Case 1 
In case 1, there is a surplus in power PPV + PWind - Pload ≥ 0 
1. If H lies within the Off-peak hours, since the electric energy price is 
expected to be lower than its value within the peak hours, priority is given 
to charge the battery. However, the portion of the surplus power (Psurplus) 
that charges the battery system (Pc,batt) follows the developed pattern 
shown in figure 6.4.1.1 whereas the rest is injected to the grid. 
2. If H lies within the peak hours, since the electric energy price is relatively 
high, priority is given to sell power to the grid then charge the battery 
system. Hence, the power assigned to charge the battery follows this 
developed pattern shown in figure 6.4.1.2. 
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Figure 6.4.1.1: Battery power as a function of its SOC when there is an excess in 
power within the Off-peak period. 
 
 
Figure 6.4.1.2: Battery power as a function of its SOC when there is an excess in 
power within the peak period. 
 
 
Figure 6.4.1.3: Battery power as a function of its SOC when there is a deficiency 
in power within the peak period. 
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different operating conditions. Fuzzy rules are in the form of if-then rules that the 
proficient user should design such that they cover all the conditions the system is 
expected to go through. 
In this model, Fuzzy was used only in the case when the instantaneous load 
demanded is higher than the instantaneous available power from renewable energy 
sources and the system is not in at the peak period. At this state, the battery will be 
operated at the discharge mode. Hence, Fuzzy determines the amount of power to be 
drawn from the battery while taking into consideration the time left for the coming peak 
period and the ration between the current energy available in the battery to the total 
energy needed during that peak period (R). It is worthy to remind here that the SOC of 
the battery is also playing a significant role as explained earlier section 6.4.   
Designing a fuzzy logic controller is achieved through three basic steps; 
fuzzification, inference Mechanism and defuzzification. The Sugeno type fuzzy system 
was used in this paper. 
In fuzzification, time left for the coming peak period and the current SOC of the 
batteries are the inputs to the control system which are mapped into a certain linguistic 
values. The output of the fuzzy is a percentage that determines the percentage of load to 
be satisfied by the batteries. Three Fuzzy variables; two inputs and an output, was 
involved in this paper as shown in figure 6.5.1. Each variable has some membership 
functions. For the first input, which is the time left for the coming peak period, three 
Fuzzy subsets are used; small (S), medium (M) and big (B). Whereas, for the second 
input, which is the ratio between the current energy available in the battery to the total 
energy needed during that peak period, four subsets was used; very small (VS), small (S), 
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medium (M) and big (B). On the other hand, the output is represented by six Fuzzy 
subsets; small (S), small big (SB), medium (M), medium big (MB), big (B) and big big 
(BB). These membership functions are used to map the input variable into fuzzy set. 
Operation of the membership functions on the input variable yields the extent to which 
that variable is a member of a particular rule.  
The process of converting control variables into linguistics rules is called 
fuzzification. However, in inference Engine and Rule base step, the output of fuzzy 
controller is managed through putting certain linguistic rules. These control rules are 
constructed based on given conditions (inputs) such that the fuzzy controller decides the 
proper control action. 
Finally, in defuzzification, as the output of the fuzzy controller is in the form of 
fuzzy set, it has to be transformed from linguistic form into a number that can be used to 
control the system. The rules that was used here are given in Table 6.5.1. 
 
 
 
Figure 6.5.1: Membership functions of different variables of the fuzzy controller: 
(a) and (b) show the membership functions of the two inputs to the Fuzzy system. 
Whereas, (c) shows the membership functions of the output variable. 
 
 
(a) (b) (c) 
 
 
86 
 
Table 6.5.1: Fuzzy Rules  
 
The complete developed energy management algorithm is summarized in the flow 
chart given in figure 6.5.2. 
 
6.6 Results and discussion  
A simulated environment based on the forecasted data was built to prove the 
validity of the developed method for estimating the amount of power to be supplied by 
the battery array each day. A dynamic operation of power flow in a one day-period is 
shown in figure 6.5.2. The amount of power supplied by the battery array is controlled 
every day of the year and it is a function of the PV power forecasted data and the wind 
power forecasted data. The amount of power generated by wind and PV are added and 
subtracted from the load demand at every time instant. There are four conditions that can 
be encountered: 
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Figure 6.5.2: A flow-chart of the developed energy management algorithm. 
 
1. Load demand is higher than the available renewable energy 
WindPVload PPP +≥  not during peak period 
2. Load demand is higher than available renewable energy WindPVload PPP +≥  
during peak hour 
3. Renewable energy is higher than load demand during peak hour 
WindPVload PPP +≥  
4. Renewable energy is higher than load demand not during peak hour 
WindPVload PPP +≥  
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Figure 6.6.1:  Case study 1, dynamic operation of the developed algorithm in a 
one-day period          
 
Figure 6.6.1 is divided into 6 sections to illustrate the operation of the battery at 
the different 4 possibilities stated above. Section 1, section 3 and section 5 of the figure 
represent the same state when there is a deficiency in renewable power not during the 
peak hour. Hence, fuzzy is used to determine the percentage of power the battery will 
share with the grid in order to minimize the power taken from the grid and at the same 
time make sure the battery has enough energy for the coming peak period. To illustrate 
the use of forecasting, the SOC in section 3 and section 5 have a smaller slope than in 
section 1, since it is near the peak hour, the battery will discharge slower. Section 2 
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represents the state when renewable sources are satisfying loads and having excess 
energy that can be either sold to the grid or used to charge the battery. In this case, since 
this period does not fall in the peak period, it would be more beneficial to utilize the 
excess energy from renewable to charge the battery array. When the battery is charged to 
100%, the extra energy available is sold to the grid. During peak hour the battery has to 
satisfy a big portion of the load or sell its energy to the grid. Section 6 represents the peak 
hour. It can be observed from the SOC of the battery in that section, the slope is large and 
the battery is used as the main source to satisfy the loads during this period. During peak 
hour the battery SOC is reduced from 97% to 64%. Therefore, the battery was successful 
in satisfying a big portion of the load during the peak hour.  
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Figure 6.6.2:  Case study 2, dynamic operation of the developed algorithm in a 
one-day period 
 
Power flow operation of another day is shown in figure 6.6.2. Renewable power 
and load demand are different from the previous case. The graph is divided into 4 
sections to illustrate the battery controller operation. The battery SOC is used to 
demonstrate the charge/ discharge operations. 
Section 1 represents an Off-peak period and a surplus in power. The battery is 
assumed to have a 100% initial SOC and WindPVload PPP +≥  Hence, the battery will not be 
discharged in section 1 since there is a surplus in power during this period. The surplus 
power from renewable energy sources will be directly injected to the grid. 
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 Section 4 represents the condition where WindPVload PPP +≥  during the Off-peak 
period. The time left for the coming peak period is considered big according to the fuzzy 
membership function in Fig. 8.a. Based on the ratio between the energy available in the 
battery, calculated by the SOC%, to the energy needed during the coming peak period, 
the battery is dynamically classified from very small power availability to big availability 
according to the fuzzy membership function in figure 6.5.1.b. Then, based on the fuzzy 
rules in Table 6.5.1, the battery will share some percentage of the load demand.  
On the other hand, the peak period is treated differently. When there is a surplus 
in power, as in section 2, the energy is directly fed to the grid in case the battery has an 
SOC higher than 60%. During this peak period, one of the main objectives is to minimize 
the power utilization from the grid. Therefore, the battery will satisfy the deficiency in 
power within its limits. Section 3, represents the condition where WindPVload PPP +≥ during 
peak period. Priority is given to the battery to satisfy the load rather than the grid while 
considering the SOC of the battery. The battery will discharge to satisfy the load 
according to Figure 6.4.1.3. It can be seen that during the peak period the grid was not 
used to satisfy the load demand and the system is able to sell the surplus energy to the 
grid while satisfying its constraints. 
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CHAPTER 7 
CONCLUSION  
 
The application of DC-DC boost converters as an interface between fuel cells and 
the DC bus in a DC zonal electric distribution system (DC ZEDS) have been 
investigated. Investigating the performance of the conventional DC-DC boost converter, 
it has been found that it yields a pulsating output current, which is not convenient for ship 
board applications. Hence, a modification has been applied to it in order to enhance its 
performance. The developed converter’s performance has been compared to that of a 
conventional boost converter. 
A novel smart-PID controller for optimal control of DC-DC boost converter used 
as voltage controller in PV systems was developed. This controller maximizes the stable 
operating range by using genetic algorithms (GA) to tune the PID parameters ultimately 
at various loading conditions. Then, a fuzzy logic approach is used to add a factor of 
intelligence to the controller such that it can move among different values of proportional 
gain (Kp), derivative gain (Kd) and integral gain (Ki) based on the system conditions. 
This controller allows optimal control of boost converter at any loading condition with no 
need to retune parameters or possibility of failure. It also allows significant mitigation of 
large step changes by controlling the effect of the derivative part of the PID controller. 
Both simulation and experimental results prove the effectiveness and the validity of the 
controller.   
A DC distribution system has been designed and implemented. Different aspects 
related to such design have like, DC bus voltage control grid connectivity have been 
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addressed. The system under study is dependent mainly on sustainable energy sources. A 
smart controller that allows a quite stable wide range of loading has been designed and 
implemented to replace conventional PI and other controllers. Results show the validity 
of this controller and its importance, especially in the case of transients. A vector 
decoupling controlled SPWM rectifier has been designed and implemented to connect the 
DC system to the grid. Results show very good response for the rectifier during steady 
state and transient operation. Vector decoupling controlled SPWM bi-directional AC-
DC/DC-AC converter has been designed and implemented to allow power sharing 
between the AC and DC grids. 
A unit commitment scheme for an AC distribution system involving sustainable 
energy sources has been designed. The commitment scheme aims at minimizing the cost 
of the power served to the loads and depending mainly on renewable energy sources. In 
case of deficiency in the power, a fuzzy system has been developed to control the sharing 
of the power between the grid and the battery system. A prototype system has been 
simulated to validate the applicability of the developed scheme. Results show accurate 
performance of the commitment scheme developed. 
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CHAPTER 8 
RECOMMENDATIONS FOR FUTURE WORK 
 
The converters developed in this thesis have a maximum power capability of 5 
kW and operate at relatively low frequencies. In case of designing a higher power 
converter, it is advised to seek topologies that have low power losses and operate at 
higher frequencies. Semiconductor switches are the main contributor for losses in a 
converter. In case of a buck converter, the switch will suffer high voltage stress as it turns 
ON and OFF. Switching losses are divided into three components; turn ON losses, turn 
OFF losses and conduction losses. The turn ON and turn OFF losses depend on the gate 
circuit design and the voltage across the terminals of the IGBT. If the gate circuit is 
designed to have a slow turn ON, then the gate to emitter voltage of the IGBT will charge 
slower causing the IGBT to have a longer transition time to enter saturation mode where 
it acts as almost a short circuit. During this transition time, the IGBT is in the active 
mode where it acts as a variable resistor that is changing its resistance from several mega 
ohms to almost zero ohms; imitating switch behaviour. The opposite will happen as the 
IGBT closes. The gate to emitter voltage of the IGBT will drop causing the IGBT to be 
open circuit, attain a high resistance across its terminals. Therefore, if the gate circuit is 
designed to have a low turn OFF time, then the IGBT will take longer time to exit the 
saturation mode and enter the active mode where its resistance is increased to act as open 
circuit. The IGBT turn OFF by discharging the voltage across its terminals and turns ON 
by charging the voltage across its terminal. Hence, the voltage across the terminals of the 
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IGBT and the turn ON/OFF durations will determine the amount of power losses during 
these two transitions.  
Designing a converter can easily get very complicated since the operation of the 
converter is not the only concern. Electromagnetic compatibility (EMC) is another design 
factor that cannot be ignored. Now EMC is regulated through standards. This makes the 
design of the converter very challenging especially if the converter is operated at high 
frequency, in the range of 100 kHz and above. The sub-harmonic associated with the 
fundamental frequency will have a significant impact on the EMC performance. Voltage 
ringing associated with IGBTs switching and diodes yield very high voltage noise at high 
frequencies. Therefore, from EMC point of view, the slower the switch turns ON and 
OFF, the lower dV/dt across its terminals, the lower noise and ringing. However, slowing 
down switch turn ON/OFF time increases the losses. Resonant converters such as the 
zero voltage switching (ZVS) full bridge converter can be used to either step up or step 
down voltage. These converters has multiple advantages over the conventional single 
switch converters or the hard switched full bridge converters. It can achieve high 
efficiency, since it switches at zero voltage. Hence, its switches theoretically have zero 
turn ON/OFF losses. At high power and high frequency operations, such topology is 
required since the turn ON and turn OFF losses of a semiconductor could be significant. 
It also reduces the stress on switches allowing less cooling and smaller heat sink.  
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